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SYNOPSIS 


Vectored thrust V/STOL (Harrier type) performance 
capabilities are explored in three distinct regimes namely 
short take-off, constant speed turns and combat turns involving 
multiple passes over a target. 

The strategy for short take-off is to use a single 
thrust vector inclination (relative to body axis) during the 
ground roll. The nozzle inclination corresponding to a minimum 
total lift-off distance is determined for various thrust/weight 
ratios. Total lift-off distance is the sun of 'ground roll up- 
to rotation and 'Roll during rotation’. The rotation is defined 
such that the 'Lift-off velocity' is reached at the end of 

* 

rotation. The reduction in lift-off distance for various T/W 
ratios is compared with that of conventional take-off. A com- 
puter programme has been developed to give 'Optimum nozzle 
angle’ for take-off 

a) for minimum lift-off distance 
and b) for minimum tine. 

It is found that an optimum nozzle angle exists for each T/W 
ratio to give least ground distance for lift-off but the advan- ,, 
tage over conventional take-off is substantial down to T/W 
ratio of approximately 0 , 4 . Belov; 0,4 the advantage is not 
much significant.*! 



For analysis of constant speed turns a computer 
programme is developed to calculate least radius constant 
speed turning performance using vectored thrust, The turning 
performance of conventional configuration is also ‘calculated 
for comparison* The programme takes into account varia- 

tion with Mach number and the limiting load factors. 

For analysing combat turn performance where speed 
can vary, a programme is developed for the case whe re a vec-- 
tored thrust aircraft enters a turn at a given initial velocity 
and progressively reduces the speed and therefore the radius 
of turn to come back to the target i.e. the initial point of 
entry into the turn for a second pass. . 



CHAPTER I 
INTRODUCTION 


Prom the first short hops by Fright brothers upto 
the present day hypersonic flight, advances in aeronautics have 
usually been associated with increase in speed* Speed and more 
speed has been a primary objective but since last few years 
in addition to emphasis on the maximum speed, there has been 
an interest to achieve better low speed performance. In attem- 
pting to achieve high maximum speeds the conventional confi- ’ 
guration has to pay a penalty in terns of higher take-off speed 
and distance and in addition the manoeuvrability is also dras- 
tically reduced in terms of the turning radius. Thrust vectoring 
not only permits a vertical/ short take-off but also improves 
combat manoeuvre performance significantly* It also tends to 
give the pilot more margin or- flexibility in three distinct 
regions of flight namely take-off, landing and manoeuvres*. 

This report explores the capabilities of thrust vector- 
ing for V/SIOI jet aircraft in as much as short take-off, 
constant speed turns and combat turns are concerned and shows 
a clear edge over conventional aircraft in these regimes* 

Since the only aircraft in the world today using thrust 
vectoring and having attained the operational status is ‘Harrier 1 
seeing active squadron service with RAP and TJSMC and after having 
logged thousands of flying hours has conclusively proved the 



simplicity and practicability of single engine thrust vector- 
ing formula, as such the aircraft constants used in the simu- 
lated aircraft of this report are those of Harrier* 

Pull potential of thrust vectoring cannot be achieved 
in the present state of art due to aircraft limitations i*e. 

i 

how :&r the nozzles nay be swivelled at various air speeds? 

Por example, Harrier power is limited to 80 */, if ducts are 
swivelled through their full range between 250-300 knots IAS 
and between 300-400 knots IAS, nozzle travel is limited to 45° 
only in addition to 80y. power limitation. Nevertheless modi- 
fications are under current evaluations to eliminate these res- 
trictions and no such restrictions have been imposed on the 
simulated aircraft of this report* 

It may well be mentioned here that thrust vectoring 
has not yet been used for manoeuvrability in practice but up- 
to-date research and simulated studies indicate that greatest 
change by thrust vectoring will be brought in air to air combat 
role because vect ored thrust assisted manoeuvrability would vas- 
tly increase the turning capability. This report confirms this 
opinion. 

It may be of interest to note the type of work presently 
being carried out in the field of thrust vectoring* Current 
research includes NASA working on predecessor ‘KISlRPaj 1 for 
study of manoeuvrability by vectored thrust. TJSAP is also doing 
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sane objective anti studies on sane lines are also being 
carried out by Institute of Defence analysis. 1 conbined N4SA + 
U.K. , 3 phase programme has already been finalised for Harrier. 
Since there is 80% power limitation between 200-300 knots 
in current Harrier, phase one will try to expand n Inflight 
vectoring envelope"' to 500 knots. Plight work is to be preceded 
by wind tunnel work in Britain and work in IMS (Dual Manoeuvring 
Simulator) on air to air combat with usual guidance by NASA. 
Phase two will aim to expand inflight vectoring envelope to 
maximum which will be in excess of 600 knots and slightly less 
than 100% power. Pha.se three is a long tern process - 3 to 
4 years. In order to move the nozzles at high aerodynamic loads 
encountered at greater airspeeds, nozzles will be aerodynami- 
cally balanced instead of increasing drive system power. In 
this phase NASA has planned to 

1. study wing geometry variations to optimise the 
wing for thrust vectored assisted manoeuvrability. 

2. study effects of stability augmentation system 
on thrust vectored aircraft in regards to problems like ’deep 
stall 1 etc. 

3. study various interconnections between aerodyna- 
mic controls and thrust veoioring and control system i.e. method 
of interconnecting, thrust vectoring system with aerodynamic 
tail surfaces to counteract pitching problems which can be 
experienced during nozzle movements* 
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4. design new special tunnels for V/STOI aircrafts 
to be installed by 1980 with a view to bring about a cut in 
V/SlOL programme costs. 



CHAPTER II 


TAKE-OFF PERFORMANCE 


2.1 Mininun Lift-off Distance for Vectored Thrust Aircraft s 

The question to he considered is the .following - 
starting with the aircraft with ‘BRAKES ON', how should the 
controls he operated and the ‘ground roll 1 and ‘rotation* 
chosen, in order to lift the aircraft ‘off * the ground in 
an optimum fashion. Optimum can mean different things at 
different tines hut in this context it usually means the mini- 
mum lift-off distance for a given aircraft configuration. 


Hie optimum scheme is as outlined below. As shown in 
Figure 1 the aircraft gathers speed from stage I to stage II 
in ground attitude. After it has attained a certain desired 
velocity (termed hereafter as V rQ ^ ), the aircraft incidence 
is gradually increased in a predetermined manner (i.e* rate 
of rotation and incidence pattern are specified) * It is desired t 
et at the end of rotation the velocity attained should courpar e * 
with the aircraft lift-off velocity. Thus the problem remains 
to decide upon the instant at which the rotation must start 
or in other words what should ’rot. be? A programme has been 
developed to fit into above scheme which makes use of an 
iterative procedure to arrive at the exact value of Trot* 


Flow 
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chart and the programme listing appear in Appendix- A. Following 
are the assumptions on which the subsequent analysis is based. 

(i) For ground roll upto rotation, drag, lift and 
thrust are functions of velocity. 

(ii) For roll during rotation, lift coefficient and drag 
coefficient are functions of angle of attack together! 
with the assumption (i). 

(iii) Parabolic drag polar is assumed. 

(iv) Aircraft weight does not alter on account of 
fuel being consumed and effects of changes in 
ambient temperature are neglected. 

For vectored thrust short take-off, two operational 
methods can be conceived of namely 

a) to use a single thrust vector inclination (relative 
to body axis) during the ground roll and initial climbout (air 
phase portion of take-off) and the inclination chosen would 
correspond to a minimum ground distance. 

or b) to point the thrust vector in horizontal direction ! 

during the ground roll and then to rotate the thrust vector f 

! 

instantaneously to optimum angle for initial clirib-out (air- j 
phas e ) . ! 

t 

Air— phase horizontal distance is same for cases a) and 
b) but ground roll is shorter for case b) due to higher hori- 
zontal acceleration whereas the list-off speed is same for both 
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but however case b) is difficult to achieve in practice and 
as such in present analysis method a) has been preferred. 

Aircraft constants used for simulation are close to 
Harrier and appear in Table - 1 and C L - a curve used is shown 
in Figure 4. lift curve shows a slope of 5 per radian together 
with a zero lift angle of attack of -5 degrees, lift-off angle 
of attack is 8 degrees. 

0 

Specified rate and pattern of rotation are as indicated 
in Figure 3. To start with, let us assume a 4th order poly 
nomial 


a = a + bt + ct 2 + dt^ + et^ 


where a, b, c, d, e are some constants. 
Boundary conditions are i) t = o 


( 1 ) 


da 


5 a = V dt ~ 0 


ii) t = t,, 0 

1 dt^ 


iii) t = t 


a* 


1 a ~ a io' dt 0 


where t_ = rotation ends after so many seconds 

t^ = inflexion starts after so many seconds. 

By using these boundary conditions, we arrive at the set of 
following equations: 


a = 

b 


a 


g 


= 0 


a, 


10 


a + c tf + d t^ + e t^ 
g e e e 


( 2 ) 

(3) 

(4) 
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0 = 2c t + 3d t^ + 4e t 3 (5) 

0 = 2c + 6d + 12 e t? (6) 

simultaneous solution of (5) and (6) gives 

d I 3t e - 6t ± | + e I 4t* - 12t 2 | = 0 (7) 

similarly ( 4 ) and 6) yield 

d| t 8 - 5t ± | + e | t* - ft l | = (8) 

t e 

(7) and (8) simultaneously yield 

e = ti-etf-tZ) 

d ” 4(a IO- a g )(3t i wt e ) / t e (et e t i- 6t: l- 1: e ) 
substitution of values of e and d in (6) yields 

Redesignating constants c, d, e as A, B, G (in agreement with 
the programme listing) we arrive at 

a *= a + At 2 + Bt^ + Ct^ (9) 

8 

are determined from known input values of V t i' “iO’ “g 
2.1,2. Equations of motion : 


We consider a general vectored thrust configuration 
(Pigure 2) having only propulsive jet engine whose thrust can 
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be vectored. 

T denotes the installed thrust of the propulsive 
engine and 6jj represents the angle of rotation of the thrust 
vector relative to the aircraft body axis* k linear velocity- 
dependence is assumed for thrust i.e. I! = 3? ^ -KV where K is 
a constant. 

Total wheel reaction Eg = fj j j (10) 

during round roll ; a = = constant 

and T v = T cos (a g + 6 N ) (11) 

% = T sin (a + 6^) 412) 

I = i' 5s v2 < 3 l = 5^ s \ a g v2 = c i. 

D ■ I S ?2 °D = I ! ' S \ + °L a C ^ “ C 2 V2 

where 0. = \ P S C T a 
1 c ® 

°2 = £■ P S (°B 0 + 0 L a e * 3 

Sunnation of forces along the flight path gives 

mV = T 7 - D - /i(W-I-T L ) (13) 

substituting the values for T^, D, 1, T^ we get 

^ * f I T s t. C0S "" //W *^st. * in I 


- f } 0 2 -/i0 1 |v 2 - | I K cos(6 K +a g ) +/JK sin(6^a g ) |V 



°11 T 


- C 



(14) 
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where 

C 10 = (g/W) | T st< cos(6 n + a g ) + p sin(6 N + a g ) -PW 

0^ = K| eos(6jj + a g ) + /j sin(6 N + a g ) ( g/W 

C 12 “ (0 2 g/W 
during rotati on: 

a is variable and Ty = T cos(a4-5^) (15) 

T L = T sin(otfS K ) (16) 

i = ipSV 2 C I ^|-PSC ;[i a V 2 = C 3 aV 2 

D = 1 p S 7 2 (C Dq + ^Jf) = i PS V 2 |C B y 0^ a 2 /* e * I 

= 0 4 V 2 + C 5 a 2 Y 2 

where 

G, = i PS C T 
32 L a 

°4 “ l V 5 \ 

0, 4 pS Cj /k e I 

Thus 'once again using the values for Ty> D, L, in the 

* 

equation for nY we arrive at 

t <= (g/W) | T st . 008(6^0) -JUW + T gt * JU sinC&^a) | 

- (g/W) C 4 Y 2 - (g/W) IK cos(6^«) +/J K sin(6 H +a) jV 
+ (g/W)pa 3 a Y 2 - (g/W) C 5 a 2 V 2 
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= (g/W) |T st# cosCajj+a) + [j sin(6^+a) -jUW | - 
~ (fpO I cosCS^+a) +/Usin(a N +a) | V +| C^a 


where 

0 13 = (g/w) m c 3 

0 14 = (g/W) c 5 

0 15 - (g/w) o 4 


c 






(17) 


2.2 Lift-off Veloc ity s 

Vertical equilibrium at lift-off is assumed so that 

W = °L lo 2" V L0 S + ^LO sln + a L0^ 

where = T g ^_ - K V^ substituting this we obtain a 

quadratic in V i«o. 


4> (SPOj. ) - 2K ^(8^^) r L0 + ! 2 T st> sin(6 H +a T/1 )-ZI?| = 0 


LO 


which yields 


J N LO' 

(19) 


2K sinCa^q^) t/4K 2 sin 2 (a^a^)^S AC Lio j 2T st< sin% Q^- 

2 S p C T 

%) 


V L0 = 


since our analysis is continued to the case W > I always and 

hence the positive sign to be used. 

denoting AJRG * 6-^ + gi-j-q, we have 
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/ 


= K sin(ARG) 




E^sin^itRG^SPC^ 


J LG 


jT st> sinOiRG)~¥|/s/50 ;3 


'10 


where a and 0 T are specified inputs. 
10 ^IiO 


2,3. Results and Discussions : 

Nozzle angle is varied from 0° to 80° in steps of 1° 
and lift-off distance, lift-off tine and lift-off velocity 

f 

is calculated for various aircraft weights. It is seen that 
for a given aircraft configuration there are particular nozzle 
angles for which, tine and distance to lift-off is a minimum. 
Figures 9 and 10 show these minima for a thrust/weight ratio 
of 0.5 and Figures 7 and 8 show these minima for a thrust/ 
weight ratio of 0.95. 

It is seen that for a given configuration the nozzle 

angles corresponding to minimum time can differ considerably 

with 

from those for minimum distance. lift-off velocity drops/incre- 
asing nozzle angles and the gradient steepens as thrust/weight 
ratio increases. Figure 11 shows lift-off velocity v/s nozzle 
angles for thrust/wfei^at ratio of 0,5 and 0.95. 

/ 

» 

For minimum lift-off distance case - Sable 3 presents 
the effect of variation in weight on optimum nozzle angle, 
lift-off velocity and distance to lift-off. 

For the case of minimum lift-off time - Sable 4 presents 
the effect of variation in weight on optimum nozzle angle and 
time to lift-off 
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Figure 12 presents the plots for optimum nozzle 

angles for various aircraft weights. Curve (1) corresponds 
to minimum lift-off distance and curve (2) corresponds to 
'minimum lift-off time, 

The reductions in lift-off distance, lift-off time 
and lift-off velocities for various aircraft weights over that 
of conventional configuration are presented in Figures 13, 14 
and 15 respectively. 

It is seen that these reductions are not much signi- 
ficant for thrust weight ratios less than about 0*4. However, 
for higher T/f ratios the reductions are substantial. For exam- 
ple at T/W ratio of approximately .95 the reductions in lift- 
off distance, lift-off time and lift-off velocity are of the 
order of 35 /. , 20/, and 70/. respectively whereas for a T/V7 
ratio of .5 they are 10%, 3% and 11/. respectively. 



CHAPTER III 


COMBAT PERFORMANCE: CONSTANT SPEED TURJfS 


It will bo shown in this chapter that more tighter 
♦minimum radius constant speed turns 1 can be obtained by 
vectoring the thrust* 

•Constant altitude co-ordinated turn 1 only is conside- 
red i.e. pure rotation of the aircraft about a fixed axis in 
the atmosphere (generalised turn problem wherein aircraft 
changes both its azimuth heading as well as the inclination 
of its flight path to the horizontal can be further undertaken)* 
In a co-ordinated turn, aircraft nay be pitched with respect 
to the flight path but it may not be yawed i.e. a slipping or 
skidding turn cannot be considered a coordinated turn. Condi- 
tion for co-ordinated turn is that a plane passed through the 
longitudinal (X.) axis of the aircraft which includes the air- 
craft's vertical axis (z) must also include the tangent to the 
flight path passing through the airplane's centre of gravity. 
Under these conditions 'ONLY' one aircraft is not yawed and 
is in a coordinated turn. 

Turning radius becomes a minimum when the aircraft is 
at the stalling angle of attack and since the velocity in 
constant altitude flight is limited by the available thrust 
and hence the maximum value of bank angle is limited* Thus 
constant altitude co-ordinated turn radius is limited by 
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(i) Stalling angle of attack i. e. Q j Jnax li 13 ^* 

(ii) By thrust available i.e. thrust limit, 

(iii) Since Q TiT71 oy is a function of Mach number, another 
speed restriction is imposed, on minimum turn radius by aircraft's 
inability to fly at a high angle of attack at high speeds. 

If constant altitude restriction for turn is not there 
and if can permit climb or decent during the turn.- a somewhat 
smaller turning radius may be obtained but this case is not 
considered here. 

Constant speed is maintained by scheduling the thrust 
vectoring in such a way that the component of thrust along the 
flight path oust balances the drag and thus arrests any dece- 
leration which might bo caused due to banking. Thus theoretically 
there exists an optimum nozzle angle for minimum radius turn 
at each speed. 


During the manoeuvre, the wing and the aircraft load 
Ih-T t 


are not to exceed 


factors defined as\ = 1*/^ and V 


maximum permissible values. 


C, variation with Mach number for the simulated 
Lmax 

aircraft of this report is shown in Figure 16 wherein up to a 

Mach number of 0.5, 0- remains constant at a value of 1.0 

"Dnax 

and gradually drops to a value of 0.4 when Mach number of the 
order of 0 f 9 is reached. 
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Analysis : 

Expressions for turn radius in terns of turn velocity 
are obtained by considering the equilibrium of forces as shown 
in Pigure 17 and by considering the optimum condition of 
Pigure 18. 


Prom equilibrium of forces, we obtain 
(l + T^) cos <f) = W 


(l + 3L) sin <j) = h 


W Y c 

g R 


(1) 

( 2 ) 


which are rewritten as 

.-1 


<j) ~ cos’ 


W 


L + T-, 


Rs= MilXL- 

(1 + T^) sin <J) 


(3) 

(4) 


substituting for $ from (3) into equation (4) we obtain 

.2 


R - 


W/g V 


(l + Tj) sin j cos -1 


T+T 


(5) 


1 2 

for minimum radius at constant speed we use 1 = ^ P r S G Iimax 
provided I/W does not exceed C 7 ?f) maX » if i-fc does then tlie 
0^ value is modified to C L = (^^) max W/g V 2 s and also it 


is checked that 


L+Ix 


i. 


w 


does nbt exceed ( if it does, 

-A HtcUX 


the value is modified to ^ = ( V^) 7nax W - 1, Ihe expression 
for is obtained from the optimum conditions of Pigure 18 
which gives 



17 


T^ = T sin 6 


Ty = 1 cos 6 


-1 T v 

Where 6 = 6^ + a from which we have 6 = cos — 


and 


•—1 ^v 

T^ = T sin (cos -Tjr— ) 


where T, r = D = % pY 2 S (0^ + 


7 t e M 


•) 


■C6) 

(7) 

( 8 ) 

(9) 

( 10 ) 


The final expression for minimum radius becomes 

W/g v 2 

®mln 


T sin(cos" 


•1 \ 


T 


-) + L | sin(cos 


-1 


W 


T 

T sin(cos""^*-^~) + I 


-) 


The conventional case is derived from above by using 
*1 = °* 

The programme listing which takes into account the 0 ^^ 

variation with Mach number and load factor limitations and 
evaluates minimum radius constant speed turns for conventional 
as well as vectored thrust aircraft for any combination of 
thrust, weight and altitude is appended at ippendix B. 


Results and Discussions : 

Results are presented in Figures 19 to 26 'covering both 
sea level and altitude '(20,000*) conditions for a range of 
thrust-weight ratios varying from 0.5 to 1.0. Following trends 
are observed; 



18 


(i) The minimum radius decreases both at sea level 

and altitude with speed. As speed reduces 0 TiTriCTy is proportiona- 
tely higher down to a Mach number of 0,5 below which the Q-nmay 
is constant. However, limitation in 0^ can also be experienced 
due to limiting load factor. Thus with reducing speed the mini- 
muni radius falls steeply till the aircraft encounters limiting 
load factor or till the Mach number below which P -p.m^-ir is cons ^ aZl 't. 
is reached. Thereafter the gradient is less steep in case of 
thrust vectoring whereas the curve starts rising for conventional 
aircraft. The comparison ends with the conventional aircraft 
reaching stalling speed, 

(ii) For a given speed minimum radius is higher at 
altitudes , 

(iii) Percentage reduction in minimum radius by thrust 
vectoring is maximum at speeds approaching stalling speed and 
is quite substantial (i.e, at sea level it is of the order of 
30*/. and 50/. for thrust/weight ratio of 0.5 and 1*0 respectively 
For speeds approaching mrximnm speed the percentage reductions 
are much less pronounced (i.e. at sea level the" are of the 
order of 5/. and 18% for thrust/weight ratio of 0,5 and 1.0 
respectively). 



CHAPTER IV 


COMBAT PERPORMAHCE; OPTIMUM TURNS 


This chapter analyses a combat turn, where the speed can 
vary and it is shown that thrust vectoring can also be used 
for added r combat manoeuvrability f coupled with superior turn- 
ing performance in terns of the time saved in making a full 
turn to come back to the target by thrust vectoring over that 
of conventional. The use is made of the fact that the turn 
radius falls with speed. 

The conventional as well as vectored thrust aircraft entor 
a turn with the same known Initial velocity. The conventional 
aircraft decelerates by cutting down ,<.ts thrust whereas the 
vectored thrust aircraft decelerates by completely cutting off 
(thrust component along the flightvpath) by swivelling the 
nozzles' fully downwards through 90 degrees, thus making ’it 
possible for the aircrafts to turn tighter and tighter progre- 
sively. Poliowing is borne in mind during the entire manoeuvre 

(1) Load factors should not exceed the maximum specified 
limits. 

t 

(2) Aircrafts are to keep well above stall velocity while 
decelerating and as stalling speed approaches further decele- 
ration is arrested by continuing with constant radium steady 
turn by swivelling the nozzles back to an angle decided by 

Ty = D and in case of conventional aircraft by increasing the 


thrust . 
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(5) .Turn is continued till the aircrafts are in line 
with the target (initial point of entry into the turn) again. 
Once this is achieved the aircrafts level up and accelerate 
with full throttle towards the target (vectored aircraft having 
swivelled its nozzles fully back to horizontal). 

Based on above strategy a computer programme is develop- 
ed which calculates the time to cone back to the initial point 
of entry into the turn for a second pass and compares it with 
the conventional case for any combination of initial velocity, 
thrust weight ratio and altitude and gives aircraft position 
co-ordinates with respect to the initial point of entry into 
the turn. The Plow Chart and Programme listing appear in Appen- 
dix *C f . 

Analysis : 

Since at the commencement of the turn forward component 
of thrust is cut-off (i.e. T y = 0) as such the force diagram 
is as it appears in Figure 27. Prom equilibrium of forces we 
obtain 

2 

(LfT) sin (}) = - ^ where (j) - sin (cos*" 1 -~jr) 

W/g 

Hence R « — — ■ — 

(Ih-T) sin(cos" 1 ) ■ 

Since minimum radius is at stalling angle of attack we use 
1 = 1/2 ft V 2 S as' long as |r- f< ( If it; does 
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exceed C x value is modified to 

±J 


[ max. 
\ P V 2 S 


w 


and also 


L+£ 

W 


is not to exceed ( ^ A ) nax » in case i-fc exceeds, the thrust is 

throttled back to adjust to I = ( ^ A ) naX> ^‘us having 

decided upon C T value the drag is calculated by using the 

2 °T 

egression D = 1/2 ft V s (°D + ^"e JL ) which gives the 


deceleration V = - IjA^/gX 


I$y choosing tine as independent parameter and taking 
the aircraft longitudinal axis as the reference axis for mea- 
suring the angle through which the aircraft is turning we hove 
(see Figure 28). 


6ljr - V 6t/R 
6Y = V 6t sin TjJ 
6X o V 6t cos ijr 

where V and R vary from instant to instant. 

!The condition for the aircraft to be in line with the 
target (initial point of entry) is 

tan Tjr = ~~ 

where Y and X. are the cartesian co-ordinates of the aircraft 
position with respect to the origin at initial point of entry. 
Once this is attained the aircraft levels up and speeds 

straight ahead with an acceleration given by T-D/(W/g), 
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Results and Discussion ; 

Based on above strategy, the flight trajectory plots 
of conventional and vectored thrust aircraft have been presen- 
ted in -figure 29 to Figure 36, both for sea level and altitude, 
for a range of thrust -weight ratios from 0.5 to 1.0. 

The percentage saving in tine in each case by thrust 
vectoring is compiled in Table 6. It is assumed that the air- 
craft enters the turn in each case at a Mach number of 0.8. 

It is observed that percentage saving in tine is of the 
order of 16/., 17/* and 24/. for thrust/weight ratios of 0,5 , 
0.8 and 1.0 respectively at sea level and 3l/*» 21*/., 19*/* 
respectively at altitude of 20,000*. 

Decelerations observed have been of the order of 
~.25g-*3g and nuch better results could be expected if higher 
deceleration rates can be achieved in some way or the other, 
for example by reversing the nozzles since decelerations of 
~0.45g to -0.5g are known to be quite comfortable for fighter 
pilots. 

An interesting case of a study by NASa on its Dual 
Manoeuvring Simulator (D.M.S. - commissioned in 1968) is pre- • 
sented in Figure 37. It is, however, not known what techniques 
were used for achieving higher decelerations for vectored thrust 
aircraft, nevertheless it is seen that after eleven seconds 
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the speed of vectored thrust aircraft has reduced from Mach 
1,0 to 0*4 and turn radius fron 4000’ to 2500' and instan- 
taneous turn reversal has been achieved which brings it behind 
the conventional aircraft which still is travelling at Mach 
0.8 and a turn radius of near about 4000* , thus concluding that 

thrust vectoring can uniquely be used in converting an ’attacked’ 
role to an ’attacker’ role by using rapid deceleration capability, 
10 further drive hone this clain three possible combat encounters 
studied on HaSA’s D.M.S, are shown in figures 38, 39 and 40» 
which show relative turn superiority of vectored thrust over 
conventional. 

figure 38 depicts case of a vector-t hurst aircraft being 
attacked from behind and figure 39 depicts then in reversed 
roles, figure 40 depicts how vectored- thurst superiority can 
be taken advantage of in head-on conbat. 



CHjJPTER V 


CONCLUSIONS 

It is concluded that thrust vectoring has a clear edge 
over -conventional aircraft in so far as take-off perfomance, 
constant speed turns and combat turns are concerned. 

It is found that an optimum nozzle angle exists for 
each thrust/weight ratio to give minimum lift-off distance 
and the reduction is substantial for thrust/weight ratio grea- 
ter than about 0,4, 

Constant speed minimum turn radius is substantially- 
reduced by thrust vectoring both at sea level and altitudes* 

Substantial gain over conventional aircraft in terns 
of tine saved to make a second pass over a target can be achieved 
by thrust vectoring. 

It is seen that greatest advantage of thrust vectoring 
Would be in air to air combat role and use of thrust vectoring 
for combat role may not be difficult to adopt since pulling 
back on the thrust vector control, in effect, is same as pulling 
back on control stick and if by proper vector scheduling, turn 
radius can be made independent of aircraft speed and if more 
deceleration rates can be attained by nozzle reversals, thrust 
vectoring may even prove more promising," 
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TABLE 1 

AIRCRAFT CONST AMTS 


Wing Area 

S 

200 ft 2 

Aspect Ratio 

At 

3.2 

Sea level Static Ttrust 

T 

19000 lbs 

Efficiency Factor’ 

e 

0.7 

Drag Coefficient 
(Parasitic) 

% 

0.02 

Friction Coefficient 

u 

0.03 

Ground Incidence 

a 

g 

1 .0 deg. 

Lift Curve Slope 

C T 

L a 

5 per radian 

Zero lift angle of 
attack 

a 

ZL 

- 5.0 deg. 

Lift off angle of attack a, Q 

8,0 deg. 

Period of Rotation 

^rot 

3 seconds 

Inflexion Ratio 


2:1 
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TiJBLE 2 

T AjCE-0 FE-PEREO RMiJN GE 


Nozzle 

angle 

^N 

Total lift 

-off distance in 
ft. 

list of velo- 
city in fps 

Time to lift** 
off in sec. 

T/V =0,95 

T/W = 0,5 

T/W=0,95 T/W=Q,5 

T/W= 0.95 

T/f=i 

1 . 

2 « 

3. 

4. 

57 

— g-— 

77“ 

0 

1353 

5206 

272 

375 

9.7 

26,9 

i « 

1343 

5170 





2 

1326 

5133 





3 

1310 

• 

5095 





4 

1298 

5062 





5 

1271 

5028 

262 

368 

9.4 

26,5 

6 

1259 

5000 





7 

1231 

4963 • 





8 

1218 

4940 





9 

1190 

4907 , 





10 

1177 

4881 

251 

361 

9.1 

26.2 

11 

1164 

4853 





12 

1140 

4831 





13 

1127 

4808 





14 

1105 

4790 





15 

1094 

4763 

240 

354 

8.9 

26,1 

16 

1070 

4743 





17 

1055 

4728 





18 

1045 

4711 
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2?iJ3LE 2 (Contfl. ) 


1 . 

2, 

3. 

19 

1021 • 

4693 

20 

1011 

4680 

21 

991 

4666 

22 

976 

4650 

23 

965 

4639 

24 

945 

4633 

25 

933 

4626 

26 

922 

4617 

27 

910 

4612 

28 

890 

4606 

29 

878 

4605 

30 

865 

4601 

31 

053 

4603 

32 

836 

4608 

33 

824 

4611 

34 

815 

4612 

35 

802 

4624 

36 

792 

4633 

37 

779 

4691 

38 

769 

4707 

39 

751 

4720 

40 

740 

4743 


4. 


7. 


228 


346 8*6 


216 


339 


8.4 


204 


332 8.3 


191 


324 


8.2 


178 


26.2 


26.5 


27 


27*8 


8.1 


318 


29.2 
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1* 

2. 

3. 

4. 

5. 

6* 

7. 

41 

731 

4762 





42 

720 

4835 





43 

709 

4860 





44 

698 

4893 





45 

686 

4923 

165 

311 

8.1 

30.9 

46 

675 

4960 





47 

666 

5049 





48 

654 

5095 





49 

644 

5143 





50 

635 

5251 

152 

305 

8.2 

33.6 

51 

622 

5305 





52 

612 

5371 





53 

601 

5441 





54 

593 

5570 





55 

582 

5655 

139 

299 

8.3 

36.9 

56 

573 

5742 





57 

564 

5903 





58 

555 

6012 





59 

544 

6192 




. 

60 

534 

63 23 

126 

294 

8.5 

42.0 




61 

530 

6463 



t 


62 

521 

6688 





63 

518 

6855 





64 

514 

7052 





65 

507 

7333 

114 

290 

9*0 

49.4 

66 

506 

7565 





67 

505 

7908 





6C 

504 

8194 





69 

503 

8611 





70 

502 

8977 

102 

286 

9*9 

61.4 

71 

507 

. 9493 





72 

508 

9966 





73 

514 






74 

523 






75 

532 


91 

282 

11.7 

82.9 

76 

546 






77 

560 






78 

580 




i 


79 

610 






80 

647 


83 


15.8 
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TiBLE 3 

T4KE-0EE PERK) MANGE 


W«i£ht 

lbs 

Optimum 
nozzle 
angle 
for le- 
ast L.O. 
distance 
degrees 

Total L.O. 
distance 

ft. 

To t al L.O. 
with 

ft. 

SjjfOPt 

• 

6 n - 

0 

V rot. 

fps 

L.O, 

vel. 

fps 

V rot. 

fps 

L.O. 

vel. 

fps 

1, 

2. 

5. 

4. 

5. 

' 6* 

7. 

8. 

19500. 

75.0 

375., 

1294. 

55 

83 

188. 

269. 

2C000„ 

69.0 

502. 

1353. 

72 

104 

193. 

272. 

20500. 

66.0 

608. 

1423 

85. 

120. 

198. 

276. 

21000 

63.0 

708. 

1494. 

96. 

135 

294. 

279. 

21500 

61.0 

804. 

1599. 

107 

146, , 

209 

282. 

22000 

57.0 

899. 

1647 

118 

161 

214 

285. 

22500 

55.0 

991. 

1730. 

127 

171. 

219 

289. 

23 COO 

54.0 

1082. 

1814. 

135 

179. 

225 

292. 

23500 

52.0 

1177. 

1886. 

144. 

188. 

229 

295. 

24000 

50.0 

1279. 

1982. 

153 

197 

234 

298. 

24500 

49.0 

1365. 

2103. 

161 

204 

239 

301 

25000 

48.0 

1466. 

2164. 

169 

211 

244 

304 

25500 

47.0 

1557. 

2249. 

176 

217 

248 

307 

26000 

45.0 

1657. 

2335. 

182 

227 

252 

310 

26500 

44.0 

1760 

2427. 

188 

235. 

256 

313 


I£BLB 5 (Pont d.) 


1. 

2. 

3. 

4. 

5. 

6.’ 

7. 

8. 

27000 

43.0 

1862. 

2519 

194 

237 

261 

316 

27500 

43.0 

1960 . 

2618. 

200 

241 

265 

319 

28000 

41.0 

2067. 

2719. 

204 

248. 

268 

322, 

28500 

40.0 

21.74 

28.50. 

209 

254. 

272 

325, 

29000 

39.0 

2283. 

2957. 

213 

259. 

276 

328. 

29500 

39.0 

2419. 

3071. 

218 

261. 

280 

331 

30000 

39.0 

2508. 

3152. 

223 

265. 

285 

353 

30500 

38.0 

2644. 

3266.* 

229 

270. 

289 

336 

31000 

38.0 

2740. 

3368. 

234 

276 

292 

339 

31500 

37.0 

2863. 

3518. 

240 

281 

296 

342 

32000 

37.0 

2991. 

3606. 

245 

284 

300 

344 

3*2500 

36.0 

3124. 

3778. 

250 

289 

305 

347 

33000 

35.0 

3259. 

3915. 

255. 

294 

309 

350. 

33900 

35.0. 

33 62. 

4061. 

260. 

297 

312 

352 

54000 

34.0 

3505 

4164. 

265 

302 

.315 

355 

34900 

33.0 

3651 

4390 

271 

306 

318 

358 

35000 

33.0 

3763 

4427 

274. 

309 

321 

360 

35500 

32.0 

3917 

4576 

279. 

314 

325. 

363. 

36000 

32.0 

4032 , 

4687 

282. 

317 

327 

365 

36500 

31.0 

4191 

4850 

286 

320 

331 

368, 

37000 

31.0 

4311 

4968 

290 

324 

333 

370 

37500 

30.0 

4477 

5087 

29C 

329 

335 

373 

38000 

30.0 

4601 

5206 

298 

332 

3.38 

375 
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Weight 

lbs* 

— 

19500 

29000 

20500 

21000 

21500 

22000 

22500 

23000 

23500 

24000 

24500 

25000 

25500 

26000 

26500 

27000 

27500 

28000 

28500 


SABLE 4 

ligE-OKP PERPORMOB 


Optimum nozzle 
angle 6^ for 

least lift-off 
time degrees 

__ 

50.0 

45*0 

41.0 

37.0 

35.0 

33.0 

31.0 

29.0 

28.0 

27.0 
■ 26.0 

25.0 

25.0 

24.0 

23.0 

22.0 

22.0 


21.0 


lift-off 

time-least 

sec, 

37 ™ 

7.6 

8.1 

8.6 
9 .f 
9.5 

10.0 

10.4 

10.9 

11.3 
11.8 
12.2 
12*7 
13.1 
13.6 
14.0 

14.5 

14.9 

15.4 
15.8 


lift-off time 
for 6^=0 

sec. 

9.4 

9.7 

10*1 

10.5 

11.0 

11.3 

11.7 

12.1 

12.5 

13.0 

13.4 
13.9 
14.3 

14.8 
15.2 
15.7 

16.1 

16.6 

17.1 


21,0 





1 


2 


4 


I‘i.I3L E 4 (Con J c0.) 



29000 

29500 

30000 

30500 

31000 

315CC 

32000 

32500 

33000 

33500 

34000 

34500 

35000 

35500 

36000 

36500 

37000 

37500 

38000 


20.0 

19.0 

19.0 

18.0 
18.0 
17.0 

17.0 
16. C 

16.0 

15.0 

15.0 

15.0 

14.0 
14.0 

14.0 

13.0 
13.0 
13.0 
13.0 


16.3 

16.7 
17.2 
17.6 
18.1 

15. 7 

19.3 
19.9 
20.5 
21.1 

21.7 

22.3 

22.8 

23.4 

23.8 

24.5 

25.0 

25.6 

26.0 


17.6 
18.1 

18.6 

19.1 

19.6 

20.2 

20.7 

21.2 

21.7 

22.2 

22.7 

23.3 

23.7 

24.3 

24.8 

25.4 

25.9 

26.4 

26.9 
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T.JBDE 5 


a = 1116,4 ft/sec. 
r o = .002377 17 . sec. 2 /ftt 

p Q = 2116,2 lb ./ft? 


altitude 

ft . 

Sound, velocity 
ratio 

SVR = — 
a 

0 

iiir density ratio 

'< 0 

Pressure 

PR = L_ 

P 

*0 

0 

1 

i 

i 

10,000 

.9650 

.7385 

.6877 

20,000 

.9287 

.5328 

.4595 

30,000 

.8909 

.3741 

.2970 

40,000 

.8671 

.2971 

.2234 


\ 



Thrust/ Thru- Thru- 
weight st/ st/ 
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IjJLLE 6 

COMBAT PBRKWLJCES: OP TIM TURNS 


_ T ime to com e back to the target-seconds 

Sit. LEVEL i ilt i t ud e- 2 0 , 00 0 1 

Initial jSitry ‘ “ " " „ 

Mach No. Vectored Conventional Vectored Conven- 


m 

■p o 
& ii 


0.8 


53.0 


63.0 


tional 


137,4 201.1 


co . 

* 8 

-P O 3 
A II , 


0.8 

40.7 

C \1 

• 

Q \ 

sS - 

68.7 

87 

0.8 

38.0 

50.0 

52.9 

65.3 
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^ r ast 


■X& \JAKt$> 
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!**-. 




$/t0(/**P &0L*. uA to 


- m&un a m^u 1 - 

MtfiiNCf #0TA1*0N> 


BRAKES 

'OFF' 


V ROT 

START 


v^v Lo 

END ■ ! , - , 


’■ FlG.-l , 















LIFT-OFF VELOCITY in fpf 
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400 




350 


"-c.. 


■ ' ■T/W«.£> 

‘•>0- ... 1 


S *0*'H 


3,0 




■"-o^ 




-~}>5 
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■ i AljSlpf^AFT '-iltiC-H T.. I N , Lb'S ' X . 1.000 



;! i'jypfttiivM 2 ^ CONVENTIONAL 

! v' - 'i - V 1 -,,* * .. > ■ . , < . ■ ; . " 




oe 


45 



BG.«4_. TIME TO LIFT- OFF 1 „ OFTIMUM 
->5 2 -CONVENTIONAL 











MACH NO. 


MAX * / ( M ) 

* bO 

C L MAX * nS-t’SM 




SPEED MINIMUM TURN RADIUS. FT 


SF A LEVEL 
VECTORED THRUST A/ 


8000 j- — 

f 

i 

i 

70' >(">!. — 
! 

i 

j 

6Q00j — 

50 OOF— 

i 

| 

4 ■ )QO[ — 

f 



h~ 

if 


T/W--0.6 



CONSTANT SPEFD LEAST TURN RADIUS 


\ 


h- 

U. 


I v <W'MAX " 

| SEA LEVEL 

9j~~ CONVENTIONS 


ei- 

A 


7 ^ 


6f 


5j — 


4t — 


T/W *0.5 


T/W- 0.6 


\ 


T/Ws0.8 


T/W - 1:0 V 







*> 


THRUST/ wr I GHT = 0.5 
VECTORED A/C 


ALT. = 20,000 


'l'O&EA 1 LEVEL, 


;4o^ : :>rjT 




■ , v- % -v 

»k o.o .* 
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HG 27- FORCE DIAGRAM OPTIMUM TURN 





SEA .LEVEL ; ■ ■ : 

THWuSt /WEIGHT 

,**.* e.C^V&N'taO^ALV.A'' ; ;' ,: i 

.■;.'! ''' ' '/' ,v: 







X 10QO F T 





X IOOO 









X IOOOFT. 
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flG’78- SHOWS RELATIVE TURNS CAPABILITY OF VECTORED THRUST (DOTTED) V/Si 

. M> f riPRi) . MEC10RLL THRUST A/C ATTACKS CONVENTIONAL AbU> TURNS 

Cl SIP E THE MINIMUM RADIUS OF CONVENTIONAL AjC ' 



’ I'jffirrfv' vecr<mct> which tv*** kept-, ffvtryktfc . rm 

■:? . %*$$'' MC*Xi**h*tf ' mrwtse €AOS€-&" 

■ SHOOT > TfrfS 7X*»»W*: »** 

llliite 1 liW!;' — r - 
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ft& , 40. AfHOtAFTS MEET \ * HEAP- ON ' WITH CQNVENTBNAI. TVMiMQ: , Y0y^' 

attack but y0cro#ee> 



FLOW CHART 


I FT OFT PFPr 


H . \ A 






Cali ac (_C i a ptf ,c, A > } C/s^ 
Au constant <$»c>up$ t>epwei> 



[v 77 -~ ^yj 

HZ 


T initialise. 

& ( 1 )*r~ 0 . 

I , TCP ♦ - ■ o 

7 L 



ACCN Cf) % Ai 
% A<XN(f) *M X 


7 +-Z 


if 


CAteittAr# ■-:■ 

.'{.ykirCTtfXy 

1 Z' 7 i! 




Z 1 \'|gr Z A 'ZA ',: ,> v7VZ (; ; 
v 7: 'V -7 ■ 7 ^ k f v"? . ’■ ^ f 
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